ABSTRACT Azobenzenearsonate (ABA)-specific T cell-mediated suppression has been studied in aging mice. ABA-specific suppressor T cells were induced in young and old mice by injection ofABA conjugated to syngeneic spleen cells (ABA-SC). These suppressor cells were tested for their ability to suppress the in vitro anti-trinitrophenyl (TNP) antibody response of lymph node cells obtained from ABA-keyhole limpet hemocyanin (KLH)-primed young or old mice and cultured with TNP-ABA-KLH. Suppressor T cells were found to be more easily induced in old than in young mice but to suppress less efficiently the antibody response of cells from old than from young mice. The increased inducibility of antigen-specific suppressor T cells in old mice is compatible with the age-dependent decline of immune responsiveness to exogenous antigens. The loss of cell sensitivity to antigen-specific immunosuppression as well as the lack of evidence for increased nonspecific suppression in old mice is consistent with the age-related increase in autoimmune disorders. These findings provide a unifying explanation for the most relevant immunological phenomena of senescence.
unifying explanation for the most relevant immunological phenomena of senescence.
Immunologic mechanisms are involved to a large extent in the biologic processes of aging, as reviewed by Walford (1) . The maximal lifespan, which appears to be regulated by a finite set of genes (2) , is significantly influenced by the major histocompatibility complex (3) , which plays a fundamental role in the genetic control of immunologic functions (4) . Morphologic, functional, and pathologic alterations occurring in aging animals are associated with both progressive decline of immune responsiveness to exogenous antigens and increasing incidence of autoimmune phenomena (5) .
The decline of immune responsiveness results mostly from alterations of lymphoid cell populations rather than from changes in the animal milieu during senescence (6) . Number and activity of macrophages seem to be unaffected by aging (7) (8) (9) . Most reports indicate no or only a slight decrease in lymphocyte number but profound functional defects in B cell and helper T cell populations during senescence (10) (11) (12) (13) (14) (15) (16) (17) . The decrease in helper activity has been attributed to thymus involution (18) and subsequent reduced concentration ofthymic factors (19) (20) (21) involved in the differentiation ofprecursor cells into functionally mature T cells (22) .
The incidence of autoantibodies in mice and men shows a dramatic increase with age (23) . The B cell resistance to tolerance induction to foreign antigens in old mice (24) , the increased level ofT cells binding autologous erythrocytes in old mice (25) and men (26) , and the increased response of old mice to chemically altered syngeneic erythrocytes (27) underlie an enhanced propensity to lose self-tolerance during senescence. Age-dependent changes in the capacity to maintain self-tolerance have also been suggested by the higher efficiency of polyclonal activators, such as lipopolysaccharide, to stimulate an autoantibody response against syngeneic erythrocytes in old mice. Because polyclonal activation appears to circumvent regulatory T cells that normally suppress autoreactive clones, it was proposed that inefficient T cell suppression in aging animals allows these clones to produce demonstrable autoantibodies (28) . Agerelated deficiencies in suppression of autoreactive clones might also account for dysregulation of auto-anti-idiotype antibody responses, which were found to increase in aging mice immunized with T-independent (29) or T-dependent (30) antigens.
Suppressor cells have received considerable attention in recent immunogerontologic studies because of their important role in regulating the immune response as well as the induction and maintenance of tolerance to exogenous and self antigens (31) . Increased immunosuppression with aging has been repeatedly reported (32) (33) (34) (35) (36) ; it has been mainly attributed to increase in the population size of nonspecific B cells (37, 38) or T cells (39) while antigen-specific suppressor T cells remain unchanged (39) . These findings, however, are in contrast with the observation that concanavalin A-activated lymphocytes from aging humans manifest a loss in the ability to nonspecifically suppress the response to mitogens and allogeneic cells (40) and are in contrast with the age-related decline in suppressor T cell activity either found in NZB mice (41) , which are prone to autoimmunity and accelerated senescence, or hypothesized in normally aging mice (28) .
The inconsistency of experimental observations based on different methodological approaches stresses the need to further investigate whether changes in T cell suppression, which plays a central role in immunoregulation, may account for the progressive deterioration ofthe immune system with advancing age. The present study was undertaken to evaluate age-related alterations of antigen-specific T cell suppression in a well-defined experimental system, the immune response to azobenzenearsonate (ABA), which has been extensively investigated by Nisonoff's and Benacerraf's groups at the level of antibody production and delayed-type hypersensitivity (42) . Results in the present study demonstrate that ABA-specific suppressor T cells are more easily induced in old than in young mice. Moreover, old mice display an increased resistance to immunosuppression. These findings not only are compatible with thymus involution and the decline of immune responsiveness to exogenous antigens but also are consistent with the age-related The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
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MATERILS AND METHODS
Mice. Male (C57BL/10 X DBA/2)F1 mice were bred in our animal facilities and used routinely at the age of 3-4 months (young) or 20-21 months (old).
Antigens. ABA, purchased from Merck (Darmstad, Federal Republic of Germany), was conjugated as described (43) to keyhole limpet hemocyanin (KLH) from Calbiochem, to prepare ABA-KLH for in vivo induction ofcarrier-specific helper T cells. ABA was coupled as previously reported (44) to syngeneic spleen cells from young mice exposed to 2,000 roentgens (whole-body irradiation;. 1 roentgen = 2.58 X 10-4 coulomb/ kg), immediately before sacrifice to prepare ABA-SC for in vivo induction of ABA-specific suppressor T cells. Trinitrobenzenesulfonic acid from Eastman Kodak was conjugated to ABA-KLH (45) to provide trinitrophenyl (TNP)-ABA-KLH for in vitro immunization or to sheep erythrocytes (SRBC) (46) from Sclavo (Siena, Italy) to prepare the test antigen for detection of anti-TNP plaque-forming cells (PFC).
Priming.. Mice were injected with 0.1 ml of emulsion containing 100 Ag of ABA-KLH in saline and an equal volume of complete Freund's adjuvant (CFA); this emulsion was delivered into the hind footpads to induce carrier-specific helper T cells in the popliteal lymph nodes. Alternatively, mice were injected intravenously with 0.2 ml of suspension containing 0.4-50 X 106 nucleated ABA-SC in minimal essential medium (Microbiological Associates, Bethesda, MD) to induce ABA-specific suppressor T cells in their spleens. Cell Cultures. Cells were cultured in microtiter plates (Falcon 3040) according to Mishell and Dutton (47) . Culture medium was RPMI 1640 (Eurobio, Paris, France) supplemented with 10% fetal calf serum (Seromed, Munchen, Federal Republic of Germany), 2. mM L-glutamine (Microbiological Associates), and gentamicin (Schering, Kenilworth, NJ) at 10 Antibody response of lymph node cells from ABA-KLH-primed young mice cultured with spleen cells from unprimed or ABA-SCprimed young or old mice. The antigen in the culture is indicated in the column headings on the right. Numbers in parentheses indicate the age (months) of mice at the time of priming. Results are expressed as mean (±SEM) PFC from triplicate cultures.
suppressor activity in the spleen of old mice, whereas at least 10 X 106 ABA-SC had to be injected in young mice to raise a comparable level of suppressor activity. Thus, antigen-specific suppressor cells appear to be more easily induced in old than in young mice.
Suppressor activity of spleen cells from ABA-SC-primed mice increases with aging but retains ABA-specificity. As demonstrated by the experiment reported in Table 2 , suppressor activity of spleen cells from old or young mice primed with 10 X 106 ABA-SC is lost if the ABA determinant is deleted from the in vitro immunogen, indicating the absence, in this experimental system, of nonspecific suppression in spleen cells from both young and old mice.
The suppressor activity of spleen cells from both young and old mice is entirely T cell-dependent, because it is abrogated by cytotoxic treatment with anti-Thy-1.2 monoclonal antibody and guinea pig complement (Table 3) .
Age-Related Loss ofCell Sensitivity to Immunosuppression. In all experiments reported in the two preceding sections suppressive activity was tested on lymph node cells from ABA-KLH-primed young mice. To assess whether lymphoid cells from old mice were as sensitive to suppression as lymphoid cells from young mice, 3 X 105 nucleated spleen cells from young or old mice, unprimed or primed with 10 x 106 ABA-SC, were added to cultures containing 9 x 105 nucleated lymph node cells from ABA-KLH-primed young or old mice and TNP-ABA-KLH. The results ofthe experiments reported in Fig. 3 indicate a loss of cell sensitivity to suppression in lymphoid cells from ABA-KLH-primed old mice. These cells were resistant to suppression not only when mixed with spleen cells from young mice but also with spleen cells from old mice, which in vitro are very effective in exerting suppressive activity (Fig. 2) . Anti-Thy-1. (32) (33) (34) (35) (36) 39) , with thymus involution and the consequent decline of T cell functions (18) . Increased (52) . The level of cyclic nucleotides, which are involved in cell proliferation and differentiation, is controlled by genes linked to the major histocompatibility complex (1), which in turn controls both maximal life span and DNA repair capacity (53) . The relationship between these last two variables has been well documented in several mammalian species (54) and may be expressed at the lymphocyte level, as suggested by the finding that the number of doublings sustained by human peripheral T cells cultured with T cell growth factor declines with the increasing age ofthe lymphocyte donor (1) . Thus, T cells display the Hayflick phenomenon observed in fibroblasts (55) , probably reflecting the biochemical alterations of nucleic acids as well as of cyclic nucleotides that lead to senescence. Recent studies on lymphocytes from old rodents have shown modifications in cell membrane and in the mobility and density of cell surface molecules (56) (57) (58) (59) 
